Periodontal diseases comprise a group of pathological conditions of the periodontal tissues that surround and support the teeth. Although a variety of bacterial species are associated with the initiation and progression of periodontitis (50) , accumulated evidence suggests that Porphyromonas gingivalis, a gram-negative anaerobe, is an important pathogen in severe manifestations of the disease (15, 49, 50) . P. gingivalis possesses a wide range of virulence factors with potential relevance to the disease process including extracellular proteases, which can perturb host immune response and tissue integrity, toxic metabolites and cellular constituents, and adherence factors that promote colonization (20, 22, 29, 42, 52, 55, 56) . Furthermore, P. gingivalis can efficiently invade and replicate within primary cultures of gingival epithelial cells (23, 24) and multilayered pocket epithelium (46) . P. gingivalis can also invade transformed epithelial cells (10, 33) . Fimbriae and proteases have been found to be involved in the invasion process (23, 33, 55) ; however, the molecular basis of P. gingivalis invasion is not well characterized.
Intracellular invasion is considered an important virulence factor and can be found in a variety of genera associated with both acute and chronic infections (3, 8, 13, 27, 28, 30, 34) . Recently, a unique protein secretion pathway, closely related to bacterial invasion processes, was identified in a variety of gram-negative plant and animal pathogens (2, 4, 11, 45, 54) . This secretion pathway has been designated type III and is also known as contact-dependent secretion because of a requirement for an inducing extracellular signal, usually resulting from the interaction with host cells or from environmental cues associated with the epithelial cell environment. It has been demonstrated that the target proteins of this pathway can be translocated directly into the host cell cytoplasm and can subvert intracellular signaling pathways (2, 4, 5, 11, 16-18, 26, 53, 58) . In this study, we investigated the presence of a contactdependent protein secretion pathway in P. gingivalis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. P. gingivalis 33277 and derivatives were grown anaerobically at 37°C in Trypticase soy broth supplemented per liter with 1 g of yeast extract, 5 mg of hemin, and 1 mg of menadione. When necessary, gentamicin and erythromycin were added to the medium at final concentrations of 200 and 10 g/ml, respectively. Solid medium was prepared by supplementing with 5% sheep blood and 1.5% agar. Escherichia coli strains and Salmonella typhimurium were grown in Luria-Bertani broth containing the necessary antibiotics (100 g of ampicillin per ml, 50 g of kanamycin per ml, or 200 g of trimethoprim per ml).
Plasmids used in this study are listed in Table 1 . Epithelial cell culture. Primary cultures of gingival epithelial cells (GEC) were prepared from gingival explants and cultured in keratinocyte basal medium (KBM) (Clonetics) as described previously (23) .
Preparation of secreted proteins. Proteins secreted by P. gingivalis were collected under four conditions: from culture supernatant, from P. gingivalis cells washed and resuspended in phosphate-buffered saline (PBS) or in KBM, or from P. gingivalis cells reacted with 10 7 GEC treated with 2 M cytochalasin D. In the latter three conditions incubation was for 3 h at 37°C. Viable counting showed that P. gingivalis cells did not increase in number under these conditions. Control experiments demonstrated that cytochalasin D did not affect P. gingivalis protein secretion. Prior to recovery of secreted proteins, the protease inhibitors TLCK (N-␣-p-tosyl-L-lysine chloromethyl ketone), TPCK (N-tosyl-L-phenylalanine chloromethyl ketone), and phenylmethylsulfonyl fluoride were added to a final concentration of 0.2 mM. Bacterial cells were then removed from the recovered medium by centrifugation (9,000 ϫ g for 10 min) and filtration (0.22-m-poresize filter). Proteins in the cell-free medium were precipitated by addition of 10% trichloroacetic acid (TCA) and incubation on ice for 1 h. The proteins were collected by centrifugation at 4°C (100,000 ϫ g for 30 min), washed with ice-cold acetone, and resuspended in sample loading buffer for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). The secreted protein sample was analyzed by SDS-PAGE (21) and Western immunoblot assay (44) .
Invasion assay. P. gingivalis invasion of GEC was quantitated by the antibiotic protection assay described previously (23) .
Molecular biology procedures. DNA manipulation procedures and transformation of E. coli strains were performed according to the standard methods described by Ausubel et al. (1) . PCR was performed using a thermocycler [Techne (Cambridge) Ltd.] with Taq DNA polymerase (GibcoBRL) according to the protocol described by the manufacturer of the enzyme.
N-terminal amino acid sequences. The N-terminal amino acid sequences of the major secreted proteins of P. gingivalis were determined from samples bound to a polyvinylidene difluoride protein sequencing membrane (Bio-Rad) (25) by automated protein sequencing at the Department of Biochemistry, University of Washington, Seattle.
Oligonucleotides. Two degenerate synthetic oligonucleotide primers for PCR amplification of the invA family gene fragment were designed based on the amino acid sequences of the conserved regions of the InvA family proteins (2, 12) . The conserved regions chosen for this study corresponded to the regions between amino acids 50 The following oligonucleotides were synthesized to amplify the catalytic domain-coding regions of two major cysteine protease genes (kgp and rgpA) of P. gingivalis 33277 based on the DNA sequences published previously (35, 36) ; KGP1, 5Ј-GATGTTTATACAGATCATGG-3Ј; KGP2, 5Ј-ACGTACATCGTTT GCAGGTT-3Ј; RGP1, 5Ј-TCAACACCGGTAGAGGAAAA-3Ј; and RGP2, 5Ј-GCGAAGAAGTTCGGGGGCAT-3Ј.
Construction of P. gingivalis 33277 mutants. Mutants were constructed by insertional mutagenesis using a suicide plasmid pJRD/ET ( Table 1 ). The catalytic domain coding regions of kgp and rgpA were amplified from the chromosomal DNA of P. gingivalis 33277 by PCR and subcloned into the T-A cloning vector pCR II (Invitrogen). The plasmids, pJRD/ET/KGP and pJRD/ET/RGP, were constructed by subcloning the 1.5-kb fragment of kgp or rgpA, respectively, into the suicide plasmid pJRD/ET and were introduced into P. gingivalis 33277 by conjugation as described previously (37) . Erythromycin-resistant transconjugants were randomly selected. The chromosomal DNA of each transconjugant was isolated and used for Southern hybridization to confirm the insertion of the plasmid in the rgpA or kgp genes. Insertion of the plasmid into the catalytic domain will occur upstream of the hemagglutinin domain-coding sequences. Lack of the expression and secretion of the gene products was confirmed by analyzing culture supernatant or whole cells of each mutant by SDS-PAGE or by Western blotting with monospecific Arg-gingipain (RGP) or Lys-gingipain (KGP) antibodies (43) . Furthermore, mutants were tested for loss of enzyme activity with the specific substrates BApNA (for RGP) and Z-Lys-pNA (for KGP).
RESULTS
Major secreted proteins of P. gingivalis in normal culture conditions. Prior to the study of contact-dependent protein secretion in P. gingivalis, the secreted proteins of the bacteria cultivated under normal culture conditions were analyzed. Secreted proteins were collected from cell-free culture supernatant by TCA precipitation and separated by SDS-PAGE. As shown in Fig. 1 , three major secreted proteins were detected, with molecular masses of approximately 55, 48, and 43 kDa. These three proteins were also detected by immunoblotting with P. gingivalis antibodies (not shown). N-terminal sequencing identified the proteins as the mature forms of two major extracellular cysteine proteases of P. gingivalis, KGP and RGP, and the structural component of the major fimbriae, fimbrillin A (FimA), respectively.
Secreted protein profile of P. gingivalis 33277 following contact with epithelial cells. To investigate the presence of the contact-dependent protein secretion pathway, P. gingivalis 33277 was incubated with GECs, and the secreted proteins were analyzed by Western immunoblot assay using the antiserum raised against P. gingivalis whole cells (22) . P. gingivalis secreted proteins with molecular masses ranging from 35 to 95 kDa following contact with GECs (Fig. 2, lanes 3 and 4) . These proteins were not derived from extracellular vesicles as a highspeed centrifugation (at 100,000 ϫ g for 30 min), prior to TCA precipitation, did not affect the secreted protein profile. The identity of the 43-kDa protein was confirmed as FimA with antiserum raised against the purified P. gingivalis fimbriae (not shown). Thus, fimbrillin is secreted both with and without contact with GECs. Of the other two major secreted proteins in normal culture conditions, neither KGP (55 kDa) nor RGP (48 kDa) was detected by antibodies monospecific to the catalytic domains of the enzymes (43) (not shown). This suggests that secretion of KGP and RGP may be inhibited under conditions that induce contact-dependent secretion.
Protein secretion by P. gingivalis in various environments. KBM was also able to stimulate P. gingivalis to secrete proteins (Fig. 2, lane 2) comparable to those secreted by contact with GECs in KBM (lane 4). PBS did not induce protein secretion in P. gingivalis (Fig. 2, lane 1) . The component(s) of KBM activating the protein secretion remains to be determined. The P. gingivalis antibodies did not reacted with a TCA-precipitated protein sample of KBM (not shown). To distinguish proteins secreted specifically by contact with GECs and not KBM, P. gingivalis was incubated with washed GECs in PBS (Fig. 2, lane 3) . Compared with the protein profiles in KBM, GECs were solely responsible for the secretion of at least five different proteins (arrows marked in lane 3). Thus, GEC and KBM may provide slightly different induction signals that result in differing secreted protein profiles.
Insertional mutagenesis of kgp and rgpA genes of P. gingivalis. As shown above, contact with host cells seemed to inhibit secretion of KGP and RGP, the major secreted proteins of P. gingivalis 33277, under normal culture conditions. To assess the involvement of these proteins in contact-dependent secretion, we performed insertional mutagenesis to create RGP-deficient or KGP-deficient mutants (YPP1 and YPP2, respectively) of P. gingivalis 33277. Disruption of the genes by insertion of the suicide plasmids was confirmed by Southern hybridization (not shown). In addition, SDS-PAGE analysis of the secreted protein samples of each mutant confirmed the deficiency of the gene products (Fig. 3) .
The invasive capacities of the respective P. gingivalis strains are shown in Fig. 4 . Both mutants showed an almost 10-fold reduction in invasion compared to the level obtained for the parent strain, confirming that the proteins play important roles in P. gingivalis invasion.
Contact-dependent secreted protein profiles of the insertional mutants. Figure 5 shows the secreted protein profiles of the protease-deficient mutants. Both mutants continued to secrete proteins when induced by KBM; however, differences in the protein profiles were observed. RGP deficiency (YPP1) had a negative affect on FimA secretion and on secretion of the 95-kDa protein (Fig. 5, lane 2) . The KGP-deficient mutant, YPP2 (Fig. 5, lane 3) , appeared to secrete an increased amount of protein compared to that of the other strains. YPP2 also secreted a novel protein of 75 kDa. Identical numbers of bacteria were utilized in these studies and the effects were consistent over several repetitions.
The invA family gene in P. gingivalis. The results described above suggested that P. gingivalis may have a type III, contactdependent, protein secretion pathway. Hence, the presence of genes encoding functional components of this secretion pathway was examined by degenerate PCR and by Southern hybridization. Chromosomal DNA of P. gingivalis 33277 was amplified with degenerate primers designed from the amino acid sequences of the conserved regions of the InvA family proteins which are involved in type III secretion.
As shown in Fig. 6 , the degenerate primers were able to amplify a 540-bp DNA fragment from the chromosomal DNA of S. typhimurium CS019 (lane 1) or from a recombinant plasmid containing the invA gene (obtained from Samuel I. Miller, University of Washington) (lane 2). The size of the fragment was identical to that expected from the DNA sequence of the gene. However, no amplified DNA fragment was detected from the chromosomal DNA of P. gingivalis 33277 (Fig. 6, lane  3) . Variations in Mg 2ϩ concentrations and annealing temperatures during PCR did not affect this result.
Southern hybridization was performed with the recombinant plasmid containing the invA gene as a probe. The probe hy- bridized with the 6.1-kb HindIII and 4.0-kb PstI fragments of S. typhimurium DNA (Fig. 7, lanes 3 and 4) . The 540-bp PCRamplified DNA fragments reacted with the probe (lanes 5 and 6), confirming that the degenerate primers can be used to amplified the invA gene. No hybridized band was detected with the P. gingivalis DNA, even under the low-stringency conditions employed.
These studies suggest that the invA family gene may not present in P. gingivalis and that P. gingivalis may have a functionally conserved but structurally distinct contact-dependent protein secretion pathway.
DISCUSSION
This study has identified a contact-dependent protein secretion pathway of an important pathogen in adult periodontitis, P. gingivalis. General features of such contact (or type III) secretion pathways are (i) the absence of a typical aminoterminal signal sequence in the secreted proteins and the translocation of the target proteins through two membranes without cleavage of their amino termini, (ii) the requirement for the products of a large gene cluster to assist protein secretion, and (iii) the requirement for an inducing extracellular signal, usually resulting from the interaction with host cells or factors specific to the host cell environment (4, 6, 45) . The secreted protein profile of P. gingivalis 33277 following contact with cultured epithelial cells was analyzed by Western immunoblotting. The bacteria secreted several proteins which appeared as more than five different protein bands with molecular masses between 35 and 95 kDa. The protein profiles were quite different from that of the cell-free culture supernatant sample in which the major secreted proteins were the mature forms of two cysteine proteases (KGP and RGP) (36, 41) and the major structural subunit protein of the fimbriae (FimA) (57) . This indicates that contact with host cells induces P. gingivalis to secrete specific target proteins and suggests the presence of a type III secretion pathway in the microorganism. FimA was also secreted following epithelial cell contact. However, sequence analysis of the fimA gene has demonstrated an aminoterminal signal sequence (9) , indicating that the type II, secdependent, general secretion pathway is responsible for FimA secretion. Initial attempts to investigate the identities of the contact-secreted proteins by amino acid sequencing were unsuccessful due to amino-terminal blockage. Removal of P. gingivalis vesicles from the cell-free supernatants showed no effect on the proteins secreted by contact with host cells or under normal culture conditions. This indicates that the proteins detected in the study were not vesicle associated but secreted directly to the outside environment.
Unlike PBS or P. gingivalis growth medium (Trypticase soy broth), KBM stimulated the protein secretion by P. gingivalis. The protein profile was similar to that obtained by contact with GEC, although some different proteins were observed. The secretion-stimulating components of KBM are unknown to date. There have been several reports demonstrating that type III secretion pathways can be stimulated by the extracellular environment. Serum was found to activate the type III secretion pathway of S. typhimurium (58) , and the release of Ipa molecules from Shigella can be activated by fetal bovine serum, Congo red, and components of the extracellular matrix such as fibronectin, laminin, or collagen type IV (26, 38, 53) . In Yersinia spp., Yops can be secreted by a type III secretion pathway by depleting Ca 2ϩ from the medium (6) . Thus, the contactdependent secretion pathway of P. gingivalis shares with the invasive enteric pathogens the feature of inducibility by environmental conditions.
The structural components of the type III secretion pathways of various animal and plant pathogens are highly conserved at the protein sequence level (4) . On this basis, we investigated the presence of type III pathway components in P. gingivalis by PCR using degenerate primers designed from the consensus sequences of the InvA family proteins. invA was first identified as one of the genes in the genetic locus that allows (Fig. 3, lane 1) ; 6, PCR products of S. typhimurium DNA (Fig. 3, lane 2) . M1 and M2 are a -HindIII DNA marker and a 100-bp DNA ladder, respectively. Salmonella spp. to enter cultured epithelial cells. Homologous proteins are present in various pathogens, including Shigella and Yersinia spp. These proteins can even demonstrate functional conservation as evidenced by the ability of the Shigella mxiA gene to complement a noninvasive invA Salmonella mutant (4, 14) . The InvA family functions as one of the accessory proteins in the type III secretion pathway, possibly by forming a channel in the inner membrane through which the exported polypeptides are translocated (4). However, no evidence indicating the presence of this gene in P. gingivalis was obtained in this study. Thus, either the contact-dependent secretion pathway in P. gingivalis does not utilize an InvA-like protein or the equivalent protein in P. gingivalis has diverged considerably from that in other organisms.
FimA, RGP, and KGP, the proteins secreted under normal culture conditions, all possess amino-terminal signal peptides (35, 36, 39, 40) , indicating secretion by the type II (sec-dependent) secretion pathway. FimA continued to be secreted following contact with epithelial cells; however, secretion of RGP and KGP was repressed. This indicated that expression of these proteases, which are not found in other organisms possessing type III secretion pathways, may be antagonistic to contact-dependent secretion. Disruption of the kgp gene enhanced the total level of contact-dependent secretion and resulted in the secretion of a novel 75-kDa protein. This supports the concept that KGP, a lysine-specific cysteine protease, may degrade either the targets or the effector molecules of the secretion pathway. In contrast, disruption of the rgpA gene did not elevate levels of secreted proteins. Indeed, secretion of the 95-kDa protein and of FimA was reduced in the RGP mutant. Here, it should be noted that two different rgp genes, rgpA and rgpB, have been identified in P. gingivalis 33277 (31). The two genes share extensive homology in the protease domains but not in their carboxyl-terminal domains. In this study, Southern blot analysis showed that the insertional mutation disrupted rgpA in all potential RGP-deficient mutants selected. Disruption of this gene resulted in loss of the 48-kDa mature form of RGP in the secreted protein profile. This is consistent with the results reported by Nakayama et al. (31) and suggests the possible involvement of the carboxyl-terminal domain in the protein secretion. Two different research groups recently reported the involvement of RGP in the fimbriation of P. gingivalis. Nakayama et al. (32) showed that a rgpA-rgpB double mutant possessed very few fimbriae on the cell surface. Tokuda et al. (51) demonstrated that a rgpA mutant of P. gingivalis 381 did not express detectable levels of the FimA protein, as determined by both Western and Northern blotting, or visible fimbriae, following electron microscopy of the cells. Our results are consistent with these observations. The involvement of RGP in the contact-dependent secretion of the 95-kDa protein remains to be determined; however, it is possible that this protein represents one of the many complexes of this protease with hemagglutinin domains (41, 42) .
The precise role of the contact-dependent secreted proteins of P. gingivalis in the invasive process remains to be determined. Certainly, despite differences in protein secretion, both mutant strains YPP1 and YPP2 displayed a log reduction in epithelial cell invasion. However, loss of protease function may affect the initial association between P. gingivalis and host cells (19, 20, 23, 42, 51, 56) that does not require contact-secreted proteins. A tentative model could thus be postulated whereby proteases are required for efficient adherence of P. gingivalis, either through effects of fimbrial or hemagglutinin expression (20, 32, 56) or by exposing "cryptitopes" within epithelial cell receptors (19, 42) . Following contact with the epithelial cells, protease secretion is downregulated, thus (in the case of KGP) elevating levels of contact-dependent secreted proteins that may be required to transduce a signal to the epithelial cells that subsequently stimulates bacterial uptake.
Proteins secreted by the type III protein secretion pathway play major roles in the invasive process of enteric pathogens. Studies of this pathway and the target molecules have increased the understanding of host-pathogen interactions and of pathogenic mechanisms. Although much is known about a wide variety of P. gingivalis virulence factors, including proteases, fimbriae, and hemagglutinins, the protein secretion pathways of P. gingivalis have not been investigated. We report here the presence of a contact-dependent protein secretion pathway for P. gingivalis. This pathway appears to differ from those of other pathogenic bacteria, possibly as an adaptation to the highly proteolytic nature of P. gingivalis. Further studies will involve the identification of the target proteins and the characterization of the genes or gene cluster(s) related to the secretion pathway.
